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Computational Methods for Multiple Protein Docking for Asymmetric
Complexes
Juan Esquivel-Rodriguez, Daisuke Kihara.
Purdue University, West Lafayette, IN, USA.
Protein complexes are involved in many biological processes mediating diverse
important cellular functions. The tertiary structures of protein complexes pro-
vide a crucial insight about the molecular mechanisms that regulate their func-
tions and assembly. However, solving protein complex structures by
experimental methods is often more difficult than single protein structures.
Computational prediction methods are expected to make significant contribu-
tions in this area. Until now most of the protein docking prediction methods
focus only on pairwise docking. There exist a handful of methods for the pre-
diction of multimeric complexes, but almost all of them assume specific prop-
erties such as homomericity or symmetry. Considering a substantial number of
multimeric complexes of diverse kinds exist in a cell, there is an urgent need for
the development of a multiple protein docking prediction method that does not
target a specific type of complexes.
We have developed a novel multiple protein docking algorithm, Multi-LZerD,
that builds models of multimeric complexes by effectively reusing pairwise
docking predictions of component proteins. A genetic algorithm is applied to
explore the conformational space followed by a structure refinement procedure.
Benchmark on nine hetero-multimeric complexes resulted in near native con-
formations for all of them (a root mean square deviation smaller than 2.5A˚).
We also show that our method handles unbound docking cases well, outper-
forming the only methodology developed so far that can be directly compared
to our approach. Multi-LZerD was able to predict near native structures for
multimeric complexes of various topologies.
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Formation of Ternary Complex of Factor VIIa, Tissue Factor, and Factor
X on the Surface of Anionic Membrane
Y. Zenmei Ohkubo, Emad Tajkhorshid.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
Most steps in the clotting cascade involve formation of protein complexes be-
tween an enzyme, a cofactor, and a substrate, highly catalyzed by membrane
binding of individual proteins. Upon binding to anionic regions of the cellular
membrane, the rate of enzymatic activity of these proteins is enhanced by sev-
eral orders of magnitude. Despite its established key role, the mechanism by
which the membrane mediates this activation process has remained largely un-
known. The complex of factor VIIa (FVIIa), tissue factor (TF), and factor X
(FX), namely the TF:FVIIa:FX ternary complex, is the first such complex in
the clotting cascade. We report atomistic models of the TF:FVIIa:FX complex,
revealing specific interactions between individual proteins in the ternary com-
plex and the structural transitions resulted from such interactions.
The ternary complex was constructed in two steps, combining docking and mo-
lecular dynamics (MD) methodologies, in conjunction with a highly mobile
membrane mimetic (HMMM) model for enhanced lipid mobility. Starting
with the known structures of the TF:FVIIa binary complex and a modeled FX,
first several candidates of the complex of the enzyme (TF:FVIIa) and its
substrate (FX)were generated by docking hundreds of structural snapshots of in-
dividual components collected from their respective MD simulations. The best-
scored candidates were then subjected to MD simulations on the surface of the
HMMMmembrane, which can efficiently describe binding/insertion of proteins
to the membrane due to the enhanced lipid mobility. During the simulations,
weak distance restraints were imposed between residues that have been experi-
mentally reported to be involved in protein-protein interaction. The complexes at
the end of the equilibrium process resulted in a well-converged ternary structure
characterizing FX residues that interact with the TF exosite.
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Novel Integrative Protocol for Reconstructing Large Macromolecules
using Atomic Force Microscopy Data and Computational Docking
Jean-Luc Pellequer1, Minh-Hieu Trinh1, Michael Odorico1,
Michael E. Pique2, Jean-Marie Teulon1, Victoria A. Roberts3,
Lynn F. Ten Eyck3, Elizabeth D. Getzoff2, Pierre Parot1,
Shu-wen W. Chen1,4.
1CEA Marcoule, Bagnols sur Ce`ze, France, 2The Scripps Research Institute,
La Jolla, CA, USA, 3University of California, San Diego, La Jolla, CA, USA,
413 avenue de la Mayre, Bagnols sur Ce`ze, France.
The drastic reduction of novel folds in proteins newly determined by x-ray
crystallography suggests that large macromolecules are built from domains
with already known structures. We have developed a novel integrative protocol
that combines experimentally-measured topographic surfaces of single mole-cules with atomic coordinates of molecular constituents of large proteins or as-
semblies. Topographic surfaces are obtained using high-resolution atomic force
microscopy (AFM) imaging. The present integrative method is based on real-
space docking of macromolecular constituents beneath the experimental topo-
graphic surface. Assembly of molecular constituents is performed using a
combinatorial approach. Only steric clashes between assembled constituents
are computed; assemblies having more than a given threshold of bumps are
eliminated. The goodness of fit is obtained by a score named E-factor which
determines the agreement between the experi-
mental topographic surface with that of the as-
sembled constituents. A proof of concept has
been determined on three different systems: Im-
munoglobulin G, Tobacco mosaic virus, and
Aquaporin Z. Results demonstrated that partial
topographic surface is adequate for complete
macromolecular reconstruction. This protocol
may be extremely useful for ‘‘difficult pro-
teins’’ such as membrane proteins, partially un-
folded proteins, and hard-to-produce proteins.
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Ubiquitin Dynamics in Complexes
Jan H. Peters, Bert L. de Groot.
MPI for Biophysical Chemistry, Goettingen, Germany.
Protein-protein interactions play an important role in all metabolic processes.
However, the principles underlying these interactions are only beginning to
be understood. Ubiquitin is a small signaling protein that is covalently attached
to proteins to mark them for degradation, regulate transport or induce other
functions. As such, it interacts with and is recognized by a multitude of binding
partners.
We have conducted molecular dynamics simulations of ubiquitin in complex
with 11 different binding partners on a microsecond timescale and compared
the resulting ensembles with ensembles of unbound ubiquitin. Both collective
structural behavior and local conformational differences were considered to
identify the principles of ubiquitin binding and determine the influence of com-
plex formation on the dynamic properties of this protein. Particularly the ques-
tion of induced fit versus conformational selection scenarios both on a global
and local level has been investigated.
Both bound and unbound simulation ensembles show a significant degree of
structural diversity. While the established binding models were sufficient to ex-
plain the properties of some bound ensembles, the behavior of other complexes
requires the addition of a new model which we describe as ‘‘conformational ex-
tension’’. In this case, while the bound ensemble shows a significant overlap
with the unbound ensemble, it also reaches conformations inaccessible to the
unbound protein.
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Dynamics of Large-Scale Protein Conformational Transition and Docking
Events using a Hybrid All-Atom Structure Based Model
Ilaria Mereu, Ludovico Sutto, Francesco L. Gervasio.
Centro Nacional de Investigaciones Oncolo´gicas (CNIO), Madrid, Spain.
Structure based potentials have achieved a fast description of protein folding by
implementing its energy landscape interpretation both at a coarse-grained and
all-atom level [Whitford et al. (2009) Proteins: Structure, Function, and Bioin-
formatics, 75(2), 430-441]. Concerning other kinds of conformational transi-
tions, like allosteric structural modifications, this approach was only applied
to coarse-grained representations [Yang S., Roux B. (2008) PLoS Comput
Biol 4(3): e1000047; Tripathi, S. and Portman, J. J. (2011) J. Chem. Phys.
135, 075104], thus lacking in accuracy with respect to the local backbone
and critical side-chain interactions. The all-atom model we propose for
large-scale structural rearrangements in proteins combines a classical forcefield
description of the local interactions with a structure-based term for non-bonded
interactions. To our knowledge, this is the first application of such a hybrid
model [Pogorelov, T. V., and Luthey-Schulten, Z. (2004) Biophysical Journal,
87(1), 207-214; Meinke, J. H. and Hansmann U. H. E. (2007) J. Phys.: Con-
dens. Matter 19 285215] outside the framework of protein folding. A further
level of refinement is considered by energetically rewarding, in the structure-
based term, functional residues conserved along evolution as yielded by bioin-
formatics tools. We present the results of this model for: the conformational
transition of the so-called activation loop associated with activation for the cat-
alytic domain of human c-Src tyrosine kinase; the assembly of the building
modules of c-Src; the docking events of molecular complex partners chosen
from the Protein-Protein Docking Benchmark. The model performs very satis-
factorily in terms of speed and accuracy and its results are promising for
Monday, February 27, 2012 261asystematic investigations both on the activation process of tyrosine kinases and
other families, and in relation to protein-protein interaction mechanisms.
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Unraveling the Assembly of Large Macromolecular Machines by Integrat-
ing Computational Techniques with Experimental Data
Matteo Dal Peraro, Matteo Degiacomi, Ioan Iacovache, Gisou van de Goot.
EPFL Lausanne, Lausanne, Switzerland.
Proteins often assemble in largemacromolecular complexes to achieve a specific
task. Unfortunately, owing to their size and complexity, the structure of these
machines is difficult to be determined at atomistic resolution. Thus, the ability
to reliably predict the conformation of multimeric assemblies is desirable. We
present a new approach that uses a Particle Swarm Optimization search guided
by experimental-based restraints to characterize protein quaternary structure.
Moreover, the natural subunit flexibility as extracted from molecular dynamics
simulations is explicitly included during model building. This scheme has been
successfully used to model of the heptameric soluble and functional forms of
pore-forming toxin aerolysin from Aeromonas hydrophila (see Figure).
Themodel is based on the high-resolution X-ray structure of aerolysinmonomer
and the low-resolution cryo-EM map of the heptamer. The same strategy
has been extended to determine the membrane-embedded basal body of the
multi-MDa type III secretion system from Yersinia enterocolitica. The method
is of general appli-
cability and, coupled
with accurate energy
functions, can effi-
ciently exploit the
spatial restraints
derived from a vari-
ety of experimental
techniques to pro-
duce consistent
models for the as-
sembly of biological
systems.
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Self Assembly Pathways of Surface-Layer Proteins
Behzad Rad1,2, Tom Haxton1,2, Seong-Ho Shin1,2, Steve Whitelam1,2,
Caroline Ajo-Franklin1,2.
1Materials Sciences Divisions Lawrence Berkeley Labs, Berkeley, CA, USA,
2Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley,
CA, USA.
Surface layer (S-layer) proteins form a highly ordered crystalline, yet porous,
layer on the outmost cell surface of most species of bacteria and archae.
S-layers not only provide the cell a layer for protection, they mediate several
functions such as cell adhesion, drug resistance and providing a scaffold for
mineralization. In order to accomplish these functions on growing cells, newly
synthesized S-layer proteins must assemble into crystalline lattices on the cell
surface as it changes shape and size. Thus, S-layers provide a robust in vitro
model system to test our understanding of the dynamics of self-assembly path-
ways, as well as a biological scaffold for hierarchical assembly of nanomateri-
als. The SbpA protein from Lysinibacillus sphaericus is a well characterized
S-layer protein that forms Ca2þ dependent, 2D crystals in solution with square
symmetry. Until recently, however, the kinetic pathways of self-assembly have
not been identified for this protein. Here we use ensemble techniques to study
self-assembly in solution using fluorescence and light scattering. In addition,
fluorescence microscopy on lipid bilayers has allowed us to follow assembly
of individual crystals in real time. We find that varying protein or Ca2þ concen-
tration results in different kinetics of assembly in solution. On lipid bilayers we
are able to visualize S-layer protein assemblies, and observe that the rate of self
assembly changes with the concentration of Ca2þ. Our results, paired with
coarse-grained simulations, may provide the first predictive framework for con-
trolling protein self-assembly pathways.
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Structural Evidence for the Micellar Model of Spider Silk Fibrillogenesis
Marie-Laurence Tremblay1, Lingling Xu1,2, Qing Meng2,
Paul Xiang-Qin Liu1, Jan K. Rainey1.
1Dalhousie University, Halifax, NS, Canada, 2Donghua University,
Shanghai, China.
Spider silks are outstanding biomaterials with strength and toughness that sur-
pass today’s synthetic materials. Despite their desirable properties, very littleis currently known about their molecular-level structure and how it relates
to mechanical properties. We present the structure of a recombinantly pro-
duced uniformly 13-C and 15-N labeled 199aa repeating unit of the Argiope
trafisciata aciniform spidroin 1 determined using solution-state nuclear mag-
netic resonance (NMR) spectroscopy. This protein is a key constituent of
egg case sacs, providing both flexibility and strength. The repeat unit has
a core 6-helix bundle with an unstructured, ~50 amino acid flexible C-terminal
tail. In parallel, atomic force microscopy (AFM) is being used to characterize
both mechanical properties and the mechanism of fibril formation of recombi-
nant wrapping silk comprised of multiple repeat units. There are two
competing theories for spider silk fibrillogenesis, one involving micellar inter-
mediates, the other involving nucleation and growth by insoluble aggregate
formation. Our AFM studies in direct correlation with the structural properties
of the repeat unit are strongly suggestive of the micellar model for fibril
formation.
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Origin of Cooperative Relaxation in Polymeric Solids and an Allosteric
Assembly
Caroline J. Ritz-Gold.
Center for Biomolec. Studies, Fremont, CA, USA.
In certain polymeric solids - such as spin crossover (SCO) solids, and in
allosteric assemblies - such as the rigor-state multi-sarcomere assembly, the
lattice as a whole may exist in one of two alternative structural states. The
elementary unit (protomer) in these two lattice states will differ in shape
and/or size. In general, it will be present in a smaller size in one of the lattice
states and in a larger size in the other. In recent kinetic studies in polymeric
SCO solids, sigmoid-shaped relaxation curves were found, and this shape was
regarded as a signature of cooperativity. In our kinetic studies in the allosteric
multi-sarcomere assembly, we have also observed sigmoid-shaped relaxation
curves.
Here we address the origin of cooperativity in both types of system - poly-
meric and allosteric. The relaxation experiment on SCO solids begins with
photoexcitation of the lattice into a metastable all-large-size state. This meta-
stable lattice is then allowed to relax back to its stable all-small-size state.
As individual small-size units begin to appear within the otherwise large-
size lattice, they will distort their neighboring large-size units because
they will not fit. The misfit-induced distortion of these units will, in turn, re-
duce the height of their activation barrier - and will thus increase their relax-
ation rate constant. This rate constant increase represents a self-acceleration
effect and is a type of positive feedback. We conclude that positive feed-
back may play a fundamental role in the origin of cooperative relaxation -
both in polymeric SCO solids as well as in an allosteric multi-sarcomere
assembly.
1324-Pos Board B94
Viscoelastic Properties of Collagen at the Molecular Scale
Alfonso Gautieri1,2, Monica I. Pate1, Simone Vesentini2, Markus J. Buehler1.
1MIT, Cambridge, MA, USA, 2Politecnico di Milano, Milan, Italy.
Although extensive studies of collagen viscoelastic properties have been pur-
sued at the macroscopic (fiber/tissue) level, fewer investigations have been per-
formed at the smaller scales, including collagen molecules and fibrils. Here,
using an atomistic modeling approach, we perform in silico creep tests of a col-
lagen-like peptide, monitoring the strain-time response for different values of
applied external load. The results show that individual collagen molecules ex-
hibit a nonlinear viscoelastic behavior, with a Young’s modulus increasing
from 6 to 16 GPa (for strains up to 20%), a viscosity of 3.84.50.38 Pa s,
and a relaxation time in the range of 0.24-0.64 ns. Additionally, the mechanism
for molecular sliding between collagen fibrils was studied by shearing the cen-
ter molecule in a hexagonally packed bundle with varied lateral distance be-
tween the molecules. In dry conditions, the central molecule slid with
a stick-slip mechanism that corresponded with the breaking and reformation
of hydrogen bonds between collagen molecules. This mechanism was observed
at varying shear velocities and at different lateral separations between mole-
cules. In water and at small intermolecular lateral distances, the slip-stick be-
havior was also observed but above the threshold of 13 A˚ lateral separation,
the molecules sheared smoothly in water. Moreover, the average force required
to shear remained the same in water as in vacuum, which suggests that the ef-
fect of water at this level is to mediate the transfer of load between molecules.
Based on our molecular modeling results we propose a simple structural model
that describes collagen tissue as a hierarchical structure, providing a bottom-up
description of elastic and viscous properties form the properties of the tissue
basic building blocks.
